Plant development and adaptation to environmental stresses are intimately associated with programmed cell death (PCD). Although some of the mechanisms regulating PCD [e.g., accumulation of reactive oxygen species (ROS)] are common among responses to different abiotic stresses, the pathways mediating saltinduced PCD remain largely uncharacterized. Here we report that overexpression of OsNAC2, which encodes a plant-specific transcription factor, promotes salt-induced cell death accompanied by the loss of plasma membrane integrity, nuclear DNA fragmentation, and changes to caspase-like activity. In OsNAC2-knockdown lines, cell death was markedly decreased in response to severe salt stress. Additionally, OsNAC2 expression was enhanced in rice seedlings exposed to a high NaCl concentration. Moreover, the results of quantitative real-time PCR, chromatin immunoprecipitation, dual-luciferase, and yeast one-hybrid assays indicated that OsNAC2 targeted genes that encoded an ROS scavenger (OsCOX11) and a caspase-like protease (OsAP37). Furthermore, K + -efflux channels (OsGORK and OsSKOR) were clearly activated by OsNAC2. Overall, our results suggested that OsNAC2 accelerates NaCl-induced PCD and provide new insights into the mechanisms that affect ROS accumulation, plant caspase-like activity, and K + efflux.
INTRODUCTION
Programmed cell death (PCD) is an adaptive process that is rigorously regulated in living organisms (Petrov et al., 2015) . Compared with previous extensive research regarding animal PCD (e.g., apoptosis), there have been relatively few studies on plant PCD regulation. In plants, PCD plays a critical role in various developmental processes such as nutrient recycling, seed germination, tracheary element differentiation and leaf senescence (Daneva et al., 2016) . Additionally, PCD is intimately associated with the hypersensitive response as well as many physiological responses to environmental stimuli including salinity, drought and extreme temperatures (Petrov et al., 2015) . In animals, three main types of PCD are currently classified: apoptosis, autophagy, and necrosis based on cell morphology (Kroemer et al., 2009; van Doorn, 2011a) . Plant PCD is divided into two large classes: autolytic PCD, which involves rapid clearance of the cytoplasm after rupturing of the tonoplast and mainly occurs during normal plant development and after abiotic stress, and non-autolytic PCD, which does not result in rapid clearance of cytoplasm and is generally caused by pathogen infection (Huysmans et al., 2017; Mukhtar et al., 2016; van Doorn et al., 2011b) . Although plant cells do not exhibit 'classic' apoptosis, there is evidence that plants have well described morphological and biochemical PCD hallmarks similar to those in animals, such as the accumulation of reactive oxygen species (ROS), internucleosomal DNA fragmentation, DNA cleavage, and activation of caspase-like proteases (Petrov et al., 2015; Ryerson and Heath, 1996) . However, characterization of the complex molecular network that controls plant PCD has only just begun.
Reactive oxygen species collectively represent one of the major factors that trigger PCD in plants, and are generated in response to various biotic and abiotic stressors, including ozone (Rao and Davis, 2001) , heat (Lee et al., 2014) , drought (Lee et al., 2012) , submergence (Steffens and Sauter, 2009 ), salinity (Demidchik et al., 2010) , and pathogen infection (Lee et al., 2017) . Plant ROS and cell death are believed to exhibit a cause-and-effect relationship, but the underlying biochemical processes remain to be elucidated. Recent studies have revealed that lipid peroxide-derived reactive carbonyl species (RCS) (e.g., n-hexanal, n-heptanal, and acrolein), oxidized from membrane lipids, function downstream of ROS and mediate the oxidative signal that initiates PCD (Biswas and Mano, 2015) . Furthermore, caspase-1-like and caspase-3-like proteases, which are involved in triggering PCD, are rapidly activated after exposure to acrolein, indicating that RCS initiate plant PCD by activating caspase proteases (Biswas and Mano, 2016) .
Because ROS help to induce PCD, genes related to ROS burst or scavenging directly influence the PCD process. For example, a previous study revealed that knocking out ScCOX11 (Cytochrome Oxidase 11), which is involved in peroxide metabolism, increased the release of ROS and Cyt c, which potentiates PCD (Veniamin et al., 2011) . OsWA352 (Wild Abortive 352) interacts with OsCOX11 and inhibits COX11 function in peroxide metabolism and triggers premature tapetal PCD, resulting in pollen abortion (Luo et al., 2013) . Additionally, cell death rates have been reported to be inversely related to the abundance of OsMT2b transcript, which encodes a ROS scavenger (Wong et al., 2004) . There is emerging evidence that cysteine and aspartic proteases, which exhibit caspase-1-like activity, are involved in plant cell death (Hatsugai et al., 2006; Niu et al., 2013) . Overexpression of OsAP25 and OsAP37, which encode aspartic proteases, led to PCD in both yeast and plants (Niu et al., 2013) . ETERNAL TAPETUM 1, a helix-loop-helix transcription factor (TF) conserved in plants, directly regulates the expression of OsAP25 and OsAP37 to promote tapetal cell death (Niu et al., 2013) . Furthermore, cysteine vacuolar processing enzymes (VPEs) have also been implicated in plant cell death (Hatsugai et al., 2004; Zhang et al., 2010) . Bcl-2, which is an anti-apoptotic protein in animals and plants, negatively modulates H 2 O 2 -induced PCD by suppressing expression of OsVPE2 and OsVPE3 (Deng et al., 2011) . These proteases may serve as PCD effectors, and their regulators may function in various processes associated with plant development and responses to environmental stimuli. However, the mechanisms regulating the expression of these PCD-related genes have not been fully characterized.
Plant cell death due to exposure to high salt concentration is associated with ROS accumulation, lipid peroxidation, and nuclear fragmentation (Banu et al., 2009; Jiang et al., 2008) . Ion disequilibrium may be an important feature of salt-induced PCD, with increased entry of Na + into the cytosol resulting in a deficiency in K + content (Huh et al., 2002; Kim et al., 2014) . Because K + is a major osmoticum, the maintenance of high cytosolic K + concentrations via K + channels is crucial for plant salinity tolerance (Munns and Tester, 2008) . Demidchik et al. observed that stress factors, including salinity, stimulated ROS production and activated K + -efflux channels (OsGORK), leading to a decrease in the abundance of cytosolic K + as well as cell death (Demidchik et al., 2010) . A further study concluded that Bcl-2 overexpression significantly decreased cytosolic Ca 2+ levels and inhibited NaCl-induced K + efflux, which further suppressed OsVPE expression to alleviate NaClinduced PCD (Kim et al., 2014) . However, the network involved in salt-induced PCD in plants, especially in rice, remains largely unknown. The NAC (NAM-ATAF-CUC) proteins form a large family of plant-specific TFs that influence many aspects of plant life cycle (Fang et al., 2008) . Functional studies have confirmed that several NAC TFs affect PCD in response to environmental stress. For example, ANAC089 promotes endoplasmic reticulum (ER) stress-induced PCD in plants that is directly controlled by bZIP28 (basic domain/leucine zipper 28) and bZIP60 (Yang et al., 2014) . Furthermore, AtNAC4 enhances pathogen-induced cell death by inhibiting the expression of its target genes (LURP1, WRKY40, and WRKY54) in an immune process that is negatively regulated by microRNA164 (Lee et al., 2017) . Another study revealed that NTL4 induces PCD under drought conditions by binding to the promoters of AtrbohC and AtrbohE, which are associated with ROS production (Lee et al., 2012) . In rice, OsNAC4 was identified positively to affect hypersensitive cell death and control the transcription of OsHSP90 and IREN, which affect plasma membrane integrity and nuclear DNA cleavage, respectively (Kaneda et al., 2009) . However, how NAC TFs affect PCD in response to abiotic stress remains to be determined.
We have previously reported that OsNAC2 is a TF that increases rice salt sensitivity under 150 mM treatment and directly regulate OsLEA3 and OsSAPK1 expression . It has been reported that PCD may occur at higher levels of significant stress (Gechev and Hille, 2005) . Therefore, in this study, NaCl concentration was increased from 150 to 250 mM to investigate whether OsNAC2 affects plant responses to severe saline stress via a different pathway and whether PCD occurred under this condition. We observed that ROS concentration and cell death rate in OsNAC2-overexpressing plants increased in response to increasing NaCl concentrations. Molecular and genetic analyses revealed that OsNAC2 targeted gene promoters to stimulate OsAP37 expression and suppress the OsCOX11 expression, factors involved in DNA cleavage and peroxide scavenging, respectively. We propose a model in which the induction of salt-induced cell death is affected by a transcription factor OsNAC2. The identification of OsNAC2 function in PCD may help to clarify the molecular components involved in plant PCD, especially under saline conditions.
RESULTS
Overexpression of OsNAC2 increases the sensitivity of plants to NaCl stress A previous study confirmed that OsNAC2 affects the sensitivity of rice to salt stress using OsNAC2-overexpressing and OsNAC2-knockdown lines . In the current study, OsNAC2-overexpressing lines (OsNAC2-OX: ON7 and ON11) and OsNAC2-knockdown lines (OsNAC2-RNAi: RNAi25 and RNAi31) were used in subsequent experiments. Abiotic stress factors including salinity can be classified as weak, intensive, severe, or extreme, probably leading to stress adaptation, impaired growth, PCD, and necrosis, respectively (Petrov et al., 2015) . Thus, to investigate the biological function of OsNAC2 during plant responses to salt stress, 2-week-old rice seedlings were treated with different NaCl concentrations. Following 2-day treatment with 150 mM NaCl, the withered-leaf rate was higher in OsNAC2-OX lines than in the controls, and was lowest in the OsNAC2-RNAi lines (Figure 1(a-c) ). Additionally, the leaves of all five analysed lines were more severely withered and damaged at 250 mM NaCl than at 150 mM NaCl (Figure 1(a-c) ). Of the tested rice plants, OsNAC2-OX lines were the most seriously injured, with a withered-leaf rate up to 90% (Figure 1(c) ).
Root growth was also measured because root is the organ that primarily senses salt. There were no visible differences in the primary root lengths of OsNAC2-RNAi lines treated with 150 mM NaCl or with the control solution (Figure 1(b, d) ). In contrast, the roots of OsNAC2-OX lines exposed to 150 mM NaCl were shorter than that of the control. Moreover, root growth of all five lines was lower after 250 mM NaCl treatment compared with the control, with the OsNAC2-OX plants exhibiting the greatest root growth inhibition. Thus, we concluded that overexpression of OsNAC2 appeared to increase the sensitivity of rice plants to salinity stress, and increased salt stress leaded to more serious damage of OsNAC2-OX lines, which provided the possibility of PCD occurring.
A previous study by our group showed the expression OsNAC2 2, 6, and 12 h after 150 mM NaCl treatment. In the current study, the rice plants were treated with severe 250 mM NaCl stress to track the occurrence of PCD; 250 mM NaCl was then used in future analyses. Thus, the time-dependent OsNAC2 expression pattern was detected to better understand the effect of 250 mM NaCl on OsNAC2 and to determine how this pattern differed from samples treated with 150 mM NaCl treatment. This experiment showed that OsNAC2 expression was upregulated 2 h after NaCl treatment and drastically increased at 6 h after treatment (Figure 1(e) ). This finding implied that OsNAC2 may affect rice responses to salt stress under severe salinity conditions.
OsNAC2 induces programmed cell death under NaCl stress conditions
To further investigate the effects of OsNAC2 on salt stressinduced cell death, propidium iodide (PI), which is unable to cross the cell membrane, was used to assess whether the cell death response was achieved in rice root tips. A stained nucleus was considered to indicate the corresponding dead cell in root tips. In seedlings treated with 250 mM NaCl for 2 days, the highest PI signals were observed in the cytoplasm and nucleus of OsNAC2-OX lines (Figure 2(a) and Figure S1 ), indicating that OsNAC2 overexpression increased cell membrane permeabilization. In contrast, PI signals were considerably lower in the OsNAC2-RNAi lines than in the wild-type (WT) plants (Figure 2(a) and Figure S1 ). Quantitatively, the highest (65-75%) and lowest (25-30%) cell death rates induced by NaCl were observed in OsNAC2-OX and OsNAC2-RNAi plants, respectively (Figure 2(d) ).
To determine whether PCD was induced by NaCl, a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was conducted to visualize the existence of free 3 0 -hydroxyl termini in the double-stranded DNA breaks, which are regarded as one hallmark of PCD. Strong TUNEL signals were observed in the OsNAC2-OX lines, whereas relatively weak TUNEL signals were detected in the roots of OsNAC2-RNAi plants (Figure 2(b) ). To confirm these results, another characteristic of PCD, internucleosomal DNA fragmentation, was assessed in the roots of WT and transgenic plants. Clearly visible DNA laddering was observed in the OsNAC2-OX lines after a 2-day treatment with 250 mM NaCl, whereas DNA laddering profiles were hardly detected in OsNAC2-RNAi lines under the same conditions (Figure 2(c) ).
Cysteine-dependent aspartate-directed proteases (caspases) are reported to be the key regulators of PCD in animals, and caspase-like activity has also been a characteristic in monitor plant development and responses to environmental stresses (Han et al., 2012) . To investigate whether OsNAC2-induced PCD is associated with caspaselike activity, we used a tetra-peptide substrate for caspase 3/7 activity determination as previously described (Faria et al., 2011) . Salt stress-induced caspase 3/7-like activity was found in the WT and transgenic plants (Figure 2 (e)). However, after 2-day NaCl treatment, caspase 3/7-like activity in OsNAC2-OX lines was about 1.5-fold higher than that in WT plants. Additionally, caspase 3/7-like activity in OsNAC2-RNAi plants was only 80% of that in WT plants (Figure 2 (e)), which indicated that OsNAC2 probably plays a role in caspase 3/7-like activity. Taken together, these results suggested that OsNAC2 has the ability to promote PCD in response to severe salt stress in rice roots.
OsNAC2 significantly promotes the salt-elicited accumulation of reactive oxygen species in rice
The mechanism responsible for inducing PCD usually includes an increase in the abundance of ROS that are used as mediators of the stress signal (Petrov et al., 2015) . Therefore, diaminobenzidine (DAB) staining was conducted to analyze intracellular H 2 O 2 in all plant lines. Under normal conditions, there were no differences in staining between WT and transgenic plants (the light brown of untreated roots is the normal background of the stain). However, intense DAB staining (dark brown) was observed in the roots of OsNAC2-OX plants under salt stress (Figure 3(a) ). The DAB staining intensity was accurately quantified by the ImageJ2x program; the lower the grey value, the deeper the DAB staining. After NaCl treatment, the grey value was significantly lower in OsNAC2-OX lines and higher in OsNAC2-RNAi lines when compared with WT ( Figure S2 ). The level of intracellular ROS induced by salt stress was determined by 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCFH-DA) (ROS Detection Reagents, Invitrogen Ltd UK) with the fluorescence intensity quantified with the ImageJ2x program. Following 250 mM NaCl treatment, intracellular ROS levels in the root tips of OsNAC2-OX plants were approximately two-fold higher than that in WT root tips ( Figure 3 (b, c)). Moreover, the intracellular ROS signal was significantly weaker in OsNAC2-RNAi plants than in WT plants.
To further examine the role of ROS in OsNAC2-promoted PCD, one ROS scavenger, N-acetyl-L-cysteine (Malanga et al., 1999) , was applied to the roots of OsNAC2-OX lines under salt stress conditions. We found that intracellular ROS accumulation was significantly reduced when treated with ROS scavenger in OsNAC2-OX plants compared with the control plants without ROS scavenger treatment (Figure 3(d, e) ). Consistently, cell death rates were considerably reduced after ROS scavenger treatment (Figure 3(d, f) ).
Reactive oxygen species are produced via diverse biosynthetic pathways, the most prominent of which is the NADPH oxidase-mediated pathway (Sagi and Fluhr, 2006) . Our qPCR assays revealed that OsrbohA, OsrbohB, OsrbohD, and OsrbohE expression levels were considerably higher in the OsNAC2-OX lines than in the WT plants under saline conditions (Figure 3(g) ). In contrast, the expression of Osrboh genes were repressed in the OsNAC2-RNAi lines, compared with the WT (Figure 3(g) ).
Taken together, these results indicated that OsNAC2 promoted salt-induced PCD by stimulating the generation and accumulation of ROS.
OsNAC2 promotes H 2 O 2 -induced programmed cell death
As ROS accumulation is vital for salt-induced PCD in plant cells (Monetti et al., 2014; Petrov et al., 2015) , we next examined whether the application of exogenous H 2 O 2 is sufficient to induce OsNAC2-dependent cell death. To that (e) Caspase 3/7-like activity in root protein extracts from WT and OsNAC2-overexpressing and -knockdown transgenic lines. All the samples were from 2-week-old seedling without or with a 2-day 250 mM NaCl treatment. Data are presented as the mean AE standard error of at least three biological replicates. Asterisks indicate significant differences between WT and transgenic plants by t-test. *P < 0.05, **P < 0.01, and ***P < 0.001. [Colour figure can be viewed at wileyonlinelibrary.com] end, H 2 O 2 was applied to the leaves or roots of transgenic rice plants. A 3-day treatment with 20 mM H 2 O 2 resulted in severe chlorosis in the detached leaves from OsNAC2-OX plants (Figure 4(a) ). In contrast, most of the detached leaves of OsNAC2-RNAi lines treated with 20 mM H 2 O 2 remained green (Figure 4(a) ). Moreover, OsNAC2-OX lines exhibited significantly greater ion leakage (Figure 4(b) ), indicating that exposing cells that overexpressed OsNAC2 to H 2 O 2 resulted in damaged cell membranes. Additionally, staining with DAB and nitroblue tetrazolium (NBT) revealed increased levels of H 2 O 2 and O 2 À , respectively, in ON7 and ON11 lines (Figure 4(c, d) ). We also used DCFH-DA to examine H 2 O 2 -treated rice roots, and detected substantial ROS signals in the OsNAC2-OX plants, while visibly weaker signals were observed in the OsNAC2-RNAi plants, which was consistent with the results of the NaCl treatments (Figure 4(e, f) ). Furthermore, DNA laddering was detected in genomic DNA of OsNAC2-OX roots, but not in the OsNAC2-RNAi roots (Figure 4(g) ). These results implied that OsNAC2-dependent cell death can be promoted by peroxide.
Overexpression of OsNAC2 alters the expression of genes associated with reactive oxygen species burst and the caspase pathway
The aforementioned results indicated that OsNAC2 not only accelerated salt-induced ROS production but also promoted ROS-induced PCD, which is probably related to 0 ,7 0 -Dichlorodihydrofluorescein diacetate and propidium iodide staining in OsNAC2-overexpressing lines under 250 mM NaCl with or without ROS scavenger added. N-acetyl-L-cysteine was added into the nutrient solution 1 h before NaCl treatment with the final concentration of 5 mM. Then, the seedlings were transferred into the nutrient solution containing 250 mM NaCl with or without final concentration of 10 mM N-acetyl-L-cysteine added. (e) Fluorescence intensity of the staining described in (d) quantified using the ImageJ2x program. (f) Cell death rates based on propidium iodide staining (d).
(g) Expression of NADPH oxidase genes in WT and transgenic seedling roots. The samples were come from 2-week-old plants treated with 250 mM NaCl for 2 days in (a-f), and 1 day in (g). Data are presented as the mean AE standard error of at least three biological replicates. Asterisks indicate significant differences between WT and transgenic plants. *P < 0.05, **P < 0.01, and ***P < 0.001. [Colour figure can be viewed at wileyonlinelibrary.com] Data are presented as the mean AE standard error of at least three biological replicates. Asterisks indicate significant differences between WT and transgenic plants. *P < 0.05, **P < 0.01, and ***P < 0.001. [Colour figure can be viewed at wileyonlinelibrary.com] caspase activity. To further explore the effects of OsNAC2 on PCD, genes related to the ROS burst or caspase pathway were analyzed in a qPCR assay. Under normal conditions, the transcript levels of the aspartic protease gene (OsAP37), cysteine protease gene (OsVPE3), and PCDrelated gene (OsPDCD5) were significantly higher in OsNAC2-OX plants than in WT plants, whereas OsNAC2-RNAi plants showed opposite expression levels ( Figure 5(a, c, d) ). Expression of the peroxide metabolismrelated gene (OsCOX11), however, decreased in OsNAC2-OX plants (Figure 5(b) ). Interestingly, under salt conditions, OsAP37 was significantly induced in all the transgenic lines and in the WT, with the highest expression found in OsNAC2-OX plants and the lowest expression in OsNAC2-RNAi plants in which it was similar to that observed under normal conditions (Figure 5(a) ). OsCOX11 showed the opposite transcription of OsAP37 (Figure 5(b) ). Additionally, the increase in expression of OsNAC2 in all five lines was probably partly caused by the induction of endogenous OsNAC2 under salt treatment ( Figure 5(e) ). Taken together, these results indicated that OsNAC2 plays a regulatory role, either direct or indirect, in OsAP37 and OsCOX11 expression during salt-induced PCD. OsVPE3 and OsPDCD5 showed different expression patterns in the OsNAC2-OX, WT, and OsNAC2-OX lines under salt conditions when compared with normal conditions (Figure 5(c,   d) ), suggesting that OsVPE3 and OsPDCD5 might not be regulated by OsNAC2 in salt-induced PCD.
As a > 300-fold increase in OsNAC2 expression led to a relatively mild upregulation of the putative target genes, especially in the absence of salt stress (Figure 5 ), we speculated that there might be either other target genes that convey the effect of OsNAC2 overexpression or the presence of negative feedback loops that moderate OsNAC2 effects. Gene expression profiling analysis was performed to compare WT and OsNAC2-OX plants using rice microarray data obtained under normal conditions by our group. This analysis showed that many genes functioning in salinity stress responses were considerably downregulated in ON11 plants compared with WT, including OsRacB (Rop small GTPase gene), SNAC1 (stress-responsive NAC1), LEA3 (late embryogenesis abundant protein gene), OsDOG (zinc-finger containing stress-associated protein), OsCPK4 (calcium-dependent protein kinase), OsMYB91 (R2R3-type MYB TF), and OsCCD1 (small calcium-binding protein) (Table S1 ). Furthermore, ChIP-sequencing revealed that promoter regions of 151 stress response-related genes were enriched with the precipitate by GO analysis, e.g. OsACO3 (aminocyclopropane-1-carboxylate oxidase gene), OsWR3 (ethylene response factor), OsCOI1b (principal component of a receptor of JA), OsWRKY43, and OsWRKY46a (Table S2) . Further yeast-one-hybrid and dual- Figure 5 . Expression of programmed cell death-related genes and OsNAC2 in wild-type and OsNAC2-overexpressing and -knockdown plants.
(a-e) Two-week-old wild-type (WT) and OsNAC2-overexpressing and OsNAC2-knockdown transgenic plants were treated with or without 250 mM NaCl for 10 h. Data are presented as the mean AE standard error of at least three biological replicates. Asterisks indicate significant differences between WT and transgenic plants (a-d) and between treatment and control (e) by t-test. *P < 0.05, **P < 0.01. luciferase experiments are needed to better understand the function of OsNAC2 in plant salinity response.
OsNAC2 binds directly to the OsCOX11 and OsAP37 promoters
To determine whether OsNAC2 directly regulates the expression of PCD-related genes, we conducted a chromatin immunoprecipitation (ChIP)-sequencing analysis to screen the likely downstream targets of OsNAC2. There were 2473 peaks in root, among which 585 peaks exited upstream of 629 genes. We observed that the OsCOX11 and OsAP37 promoter regions were enriched with the precipitate (Figure 6(a) ). A subsequent yeast-one-hybrid assay indicated that OsNAC2 directly interacts with the OsCOX11 and OsAP37 promoters (Figure 6(b) ). During our ChIPqPCR assays using anti-green fluorescent protein (GFP) antibodies, we observed that specific fragments in the OsCOX11 and OsAP37 promoters were significantly enriched with the anti-GFP antibody-immunoprecipitated DNA relative to the negative control involving DNA from WT plants (Figure 6(c, d) ). Moreover, dual-luciferase promoter activation assays also confirmed that OsNAC2 activated OsCOX11 and OsAP37 promoters in tobacco plants (Figure 6(e) ). Considered together, our data suggested that OsNAC2 specifically binds to the promoters of target genes (OsCOX11 and OsAP37).
OsNAC2 promotes the expression levels of K + -efflux channels A previous study concluded that stress factors, especially Na + , increased the production of ROS, leading to activation of K + -efflux channels, which resulted in K + deficiency in the cytosol and induction of cell death (Demidchik et al., 2010) . Therefore, we investigated the expression levels of OsGORK and OsSKOR, which encode the outwardly directed K + channels in rice (Kim et al., 2015) , in qPCR assays involving plants exposed to high salt concentrations. Generally, OsGORK and OsSKOR expression levels were upregulated in OsNAC2-OX plants, but downregulated in OsNAC2-RNAi plants (Figure 7 ), suggesting that OsNAC2 positively affected the expression of K + -efflux genes under salt stress conditions. In addition, upregulation of these two genes was relatively low, compared with the high overexpression of OsNAC2 in OsNAC2-OX lines, which also suggested negative feedback regulation of OsNAC2 (Figure 7 ).
DISCUSSION
Programmed cell death has multiple functions that affect plant development and adaptation to environmental stresses. As members of one of the most important TF families, NAC proteins have been widely reported to mediate PCD in response to different biotic and abiotic factors such as ER stress (Yang et al., 2014) , drought (Lee et al., 2012) , heat (Lee et al., 2014) and pathogen infection (Lee et al., 2017) . However, few advances have been made in characterization of the molecular mechanism underlying saltinduced PCD, regulated by NAC TFs. Our previous study confirmed that OsNAC2-OX plants are susceptible to salinity stress and that their growth was clearly inhibited by 150 mM NaCl treatment. Additionally, molecular analysis revealed that OsNAC2 affected abiotic stress tolerance by directly binding to the OsLEA3 and OsSAPK1 promoters . It has been reported that abiotic stress factors can be classified as weak, intensive, severe, or extreme and that PCD may occur at severe concentrations of a significant stress (Gechev and Hille, 2005; Petrov et al., 2015) . Therefore, we increased the NaCl concentration to explore whether PCD occurred at higher NaCl conditions. As expected, OsNAC2 overexpression promoted NaClinduced PCD, as indicated by the increased formation of DNA ladders and the stronger TUNEL signal in OsNAC2-OX cells compared with WT cells (Figure 2 ). These results suggested that OsNAC2 affects rice responses to salinity stress in a dose-dependent manner, and the regulatory network associated with OsNAC2 may vary in plants according to the extent of damage. Induction of PCD usually includes an increase in ROS levels. Various biotic and abiotic stresses, including cold, heat, salt, drought, submergence and pathogens, induce a ROS burst, leading in plants to PCD (Petrov et al., 2015) . Reactive oxygen species are produced during normal metabolic processes, but are also generated by NADPH oxidases in plant cells exposed to stress conditions (Mittler et al., 2004) . A group of NADPH oxidases and respiratory burst oxidase homologs has been identified in rice (i.e. Osrbohs) (Liu et al., 2012) . Additionally, previous studies reported that expression of genes that encode ROS scavengers (e.g. OsMT2b, superoxide dismutase, glutathione S-transferase and peroxidases) during the oxidative burst phase in cells was downregulated in response to environmental stimuli Wong et al., 2004; Zhang et al., 2012 ). In the current study, we observed that OsNAC2 promotes ROS biosynthesis by inducing the expression of several NADPH oxidase genes, including OsrbohA, OsrbohB, OsrbohD and OsrbohE (Figure 3(b) ). Furthermore, OsNAC2 downregulated OsCOX11 expression by directly binding to its promoter (Figures 5 and 6 ), which confirmed that OsNAC2 probably functioned in ROS metabolism under saline conditions. The COX11 protein contributes to the degradation of H 2 O 2 . An earlier study concluded that knocking out ScCOX11 resulted in a considerable increase in the abundance of ROS as well as PCD, suggesting that COX11 may negatively affect PCD (Luo et al., 2013; Veniamin et al., 2011) . The role of OsCOX11 in premature tapetal PCD and pollen abortion has also been described (Luo et al., 2013) . Interestingly, OsCOX11 is also involved in salt stress responses, indicating that there may be some overlap between the mechanisms regulating PCD during plant development and in response to environmental stresses.
The production of lipid peroxide-derived RCS and K + efflux occurs downstream of ROS (Biswas and Mano, 2015; Kim et al., 2014) . However, RCS and K + efflux have been subsequently associated with caspase-like activity (e.g., VPEs; Deng et al., 2011) , indicating that caspase-like proteases function as the direct executors of PCD in plant cells. There is also evidence that caspases have essential roles in the PCD of animals (Degterev et al., 2003) . Although plant caspase homologs have yet to be identified, caspase-like activity has been observed during plant PCD associated with xylem formation (Han et al., 2012) , response to heavy metal stress (Ye et al., 2013) , overexposure to ultraviolet C (Zhang et al., 2009) , ER stress (Yang et al., 2014) and pathogen infection (Hatsugai et al., 2009) . In our study, caspase 3/7-like activity increased Figure 7 . Expression of K + -efflux channel genes, OsGORK and OsSKOR, in wild-type and OsNAC2-overexpressing and OsNAC2-knockdown plants. Two-week-old wild-type (WT) and OsNAC2-overexpressing and OsNAC2-knockdown transgenic plants were treated with 250 mM NaCl for 36 h. Data are presented as the mean AE standard error of at least three biological replicates. Asterisks indicate significant differences between WT and transgenic plants. *P < 0.05, **P < 0.01. considerably in OsNAC2-OX plants exposed to severe salt stress (Figure 2(d) ). Additionally, OsNAC2 promoted the expression of the aspartic protease gene OsAP37 by directly binding to its promoter (Figures 5 and 6) . A previous investigation reported that OsAP37 exhibits caspase activity and directly induces PCD in plants and yeast, similar to the homolog in animals (Niu et al., 2013) . Therefore, OsNAC2 can apparently directly affect PCD via aspartic proteases, which might provide a new insight into the regulatory network between TFs and caspases during PCD in both plants and animals.
Although there is some overlap among mechanisms that mediate responses to diverse abiotic stresses, regulatory networks are specific to each type of stimulus. Under saline conditions, decrease in intracellular K + content due to excessive ROS production may be crucial for triggering PCD (Petrov et al., 2015) . The anti-apoptotic protein Bcl-2 can significantly inhibit K + efflux from root apical regions in transgenic rice, which further suppresses the expression of cysteine protease-encoding OsVPE genes, thereby alleviating NaCl-induced PCD (Deng et al., 2011; Kim et al., 2014) . However, Bcl-2 does not inhibit the ROS generation, but does prevent ROS-mediated PCD in rice, suggesting that Bcl-2 functions downstream of ROS in the plant PCD pathway. The upstream transcriptional network that underlies salt-generated ROS and K + efflux remains largely uncharacterized. In the current study, OsNAC2 expression obviously increased after high salt treatment (Figure 1(e) ). Additionally, the production of K + -efflux channel genes (OsGORK and OsSKOR) was also activated by ectopic expression of OsNAC2 (Figures 1(e) and 7) . A molecular analysis revealed that OsNAC2 evidently inhibited the transcript level of OsCOX11, which suppressed COX11-dependent peroxide metabolism and negatively affected PCD (Luo et al., 2013; Veniamin et al., 2011) . Interestingly, OsNAC2 also activated expression of the caspase-like gene OsAP37 (Figures 5 and 6 ), which probably acts as one of the ROS executors and induced PCD (Deng et al., 2011) . These findings suggested that OsNAC2 functions as an important link between Na + invasion and K + efflux, and affects both upstream and downstream of ROS during PCD. Plants have evolved many mechanisms in response to various environmental stresses, including salinity, that have important impacts on plant growth (Petrov et al., 2015) . Previous studies have shown that OsNAC2 could be clearly induced by drought stress and ABA treatment Shen et al., 2017 ). In the current study, the expression of OsNAC2 was significantly induced under salt treatment in WT plants (Figure 1(e) ) and in the OsNAC2-OX lines in which OsNAC2 expression was already strongly activated by the 35S promoter (Figure 5(e) ). There are two possible explanations for this phenomenon. First, salt increased the expression of endogenous OsNAC2 at the transcriptional level. We searched the promoter sequences upstream of the 5 0 -end of full-length OsNAC2 cDNA against the PLACE database to identify putative cis-acting regulatory DNA elements. Several cis-elements were found in the OsNAC2 promoter (Table S3) , including ABRELATERD1, which is known to be responsive to the plant hormone ABA (Narusaka et al., 2003) ; WBBOXPCWRKY1, which is responsive to SA (Fang et al., 2008) , WRKY71OS, GT1CORE, and MYBCORE, which are responsive to environmental stimuli such as light and cold (Fang et al., 2008; Kim et al., 2016) ; and RYREPEATBNNAPA, which is related to seed-specific expression (Fang et al., 2008) . The upstream factors involved in regulating OsNAC2 under salt stress, therefore, require further analysis. Second, the overexpressed OsNAC2 protein driven by the 35S promoter may be affected by factors at the translational level under saline conditions. It has been reported that SALT-RESPONSIVE ERF1 (SERF1) (Schmidt et al., 2013) , RSS1 (Ogawa et al., 2011) , SRWD1 (Huang et al., 2008) , and the NAC TF ONAC022 (Hong et al., 2016) functioned in response to salt stress in rice. Yeast two-hybrid and protein modification analysis should be performed to gain a further understanding of the regulatory mechanisms underlying the salinity stress response in rice.
It has been reported that TFs such as ATAF1 (Lu et al., 2007; Takasaki et al., 2015) and MYC2 (Dombrecht et al., 2007) act as both activators and repressors in plants. In the current study, OsNAC2 activated the expression of OsAP37 and repressed that of OsCOX11 ( Figure 5 ). Similar conditions were shown in our previous results that reported that the expressions of OsNCED3, OsZEP1, and OsEATB were promoted, while that of OsABA8ox1 and OsKO2 were repressed, in OsNAC2-OX lines (Chen et al., 2015; Mao et al., 2017) . In a dual-luciferase assay, both OsKO2 and OsCOX11 promoters were activated by OsNAC2 in tobacco plants ( Figure 6 ; Chen et al., 2015) . The contradictory promoter activation in tobacco might be statistically significant, but not biologically relevant. We also found that promoter activation was rather weaker in OsCOX11 and OsKO2 than in promoted genes using the dual-luciferase assay system (Figure 6 ; Chen et al., 2015; MatallanaRamirez et al., 2013) . Thus, we deduced that OsNAC2 may not be the only factor regulating OsCOX11 expression. OsNAC2 may cooperate with other enhancers that also bind the OsCOX11 promoter sequence to regulate its expression. Future work on the interaction of OsNAC2 with other proteins might help us to better understand the regulatory mechanisms underlying the transcriptional activation of different TFs.
We developed a hypothetical working model of saltinduced PCD based on the results of the current study (Figure 8) . When rice cells are exposed to severe salt stress, OsNAC2 expression is induced. The resulting OsNAC2 downregulates OsCOX11 expression by binding to a specific promoter sequence, which inhibited COX11-dependent peroxide metabolism, leading to the ROS burst. OsNAC2 also upregulates the expression of K + -efflux channels (OsGORK and OsSKOR), probably due to ROS accumulation. Furthermore, OsNAC2 can directly induce the expression of OsAP37, which exhibits caspase activity and induces PCD. We have uncovered a previously unknown molecular pathway that regulates salt-induced PCD in plants. Our findings also provide insight into the possible roles of NAC TFs during stress-induced PCD across diverse plant species.
EXPERIMENTAL PROCEDURES

Plant materials
The rice (Oryza sativa) lines used in this study had a Nipponbare genetic background. We used previously generated OsNAC2-overexpressing and OsNAC2-knockdown transgenic plants (OsNAC2-OX lines: ON7 and ON11, expressing the OsNAC2-mGFP fusion protein; OsNAC2-RNAi lines: RNAi25 and RNAi31) (Chen et al., 2015; Mao et al., 2017) . Rice plants were grown in a basal nutrient solution under a 16-h light/8-h dark photoperiod at 28°C. Twoweek-old rice seedlings were then incubated in nutrient solution containing 150 or 250 mM NaCl for 2 days or 20 mM H 2 O 2 (Deng et al., 2011) for 3 days. After the 2-day NaCl treatment, the length of the primary roots and withered-leaf rate were measured in WT and the four OsNAC2 transgenic lines (ON7, ON11, RNAi25, and RNAi31). The length of 10 primary roots was measured with four biological duplication and about 48 leaves were counted for withered-rate with three biological duplication. About 30 2-week-old detached leaves placed in Petri dishes containing 20 mM H 2 O 2 and kept under dim light (40 lmol/sec/m 2 ) were used for ion leakage rate measurements.
Measurement of ion leakage rates
Ion leakage rates were measured as previously described . The conductivity of the solution was measured using an FG3-ELK conductivity meter [Mettler Toledo Instruments (Shanghai) Co., Ltd.]. The ion leakage rate (%) was calculated as the initial conductivity divided by the total conductivity.
Histochemistry and microscopy
For the NBT and DAB staining, leaves treated with 20 mM H 2 O 2 and roots exposed to 250 mM NaCl were collected from different lines and submerged in NBT solution (1 mg/ml NBT and 10 mM NaN 3 in 10 mM potassium phosphate buffer, pH 7.8) or DAB solution (1 mg/ml, pH 5.5). After staining for 40 min (NBT) or 2 h (DAB), the leaf and root samples were boiled in 95% ethanol for 15 min, stored in 60% glycerol, and then observed and photographed. The DAB staining intensity was quantified using the ImageJ2x program. The image was changed into 8-bit grey image and the average grey value from upper, middle and lower areas of root tips calculated by ImageJ2x reflected the staining intensity.
For the PI staining, 5-mm root sections from root tips in WT and OsNAC2 transgenic lines treated with 250 mM NaCl were excised and stained with 10 mg/ml PI (Sigma-Aldrich) for 20 min. The roots were subsequently washed three times with phosphate-buffered saline. Each individual PI-positive nucleus was counted as one cell death event. The nuclei were counted from upper, middle and lower areas in the epidermis layer of 10 root tips. Cell death events were calculated as a percentage of the total counted cells.
For the in situ TUNEL staining, 10 root apices excised from WT and OsNAC2 transgenic lines treated with or without 250 mM NaCl were stained in 1.5-ml microcentrifuge tubes using the In situ Cell Death Detection kit (TaKaRa) according to the manufacturer's instructions.
To detect ROS, root apices excised from WT and OsNAC2 transgenic lines treated with 20 mM H 2 O 2 or 250 mM NaCl were incubated in 50 mM H 2 DCF diacetate in 20 mM potassium phosphate, pH 6 [(Reactive Oxygen Species (ROS) Detection Reagents, Invitrogen Ltd, UK)]. Samples were incubated in darkness for 20 min and then washed three times with phosphate-buffered saline. Fluorescence was monitored using a microscope with excitation and emission wavelengths of 488 and 530 nm, respectively. Fluorescence intensity was quantified using the ImageJ2x program. The fluorescence image was changed into 8-bit grey image and the average grey value from upper, middle and lower areas of root tips calculated by ImageJ2x represented the fluorescence intensity.
The DAB-and NBT-stained samples were observed using a differential interference contrast microscope, while the PI-, TUNEL-, and H 2 DCF-stained samples were observed using an Axio Scope A1 fluorescence microscope (ZEISS). Caspase-like activity and luciferase reporter assays Caspase-like activity was measured with a luminescence assay based on DEVD short peptides using the Caspase-Glo 3/7 Assay kit (Promega) (Yang et al., 2014) . The roots of WT and OsNAC2 transgenic lines were harvested after being treated with 250 mM NaCl and then frozen with liquid nitrogen. Proteins were extracted in a buffer containing 100 mM sodium acetate, pH 5.5, 100 mM NaCl, 1 mM EDTA, and 5 mM DTT. Next, 30 ll caspase-3/7 luminogenic substrate (Z-DEVD-aminoluciferin) was added to 50 lg protein extracts, which were then incubated at 30°C in darkness for 1 h. The luminescence of each sample was measured with the Synergy 2 Multi-Mode Microplate Reader (BioTek). The soluble protein content in plants was determined using the Total Protein Quantitative Assay kit (Nanjing Jiancheng Bioengineering Institute, Code: A045-2). Data were recorded as the average AE standard deviation of three independent experiments.
DNA ladder analysis
The formation of DNA ladders was analysed as previously described (Kim et al., 2014) . After a 3-day treatment with 250 mM NaCl or 20 mM H 2 O 2 , rice seedling roots were collected and ground in liquid nitrogen. Total DNA isolated according to the CTAB method was treated with 100 lg/ml DNase-free RNase for 1 h at 37°C to eliminate any residual RNA. For each sample, 20 lg DNA was separated on a 2% (w/v) agarose gel and then stained with 0.1 lg/ml ethidium bromide prepared in TE buffer (10 mM Tris-HCl, pH 8.0, 0.5 mM EDTA). The gel was washed once with TE buffer and then analysed under UV light with a photostation (UVI, Cambridge, UK).
Quantitative real-time PCR analysis
Total RNA was extracted from the roots of 2-week-old rice seedlings (salt-treated or untreated controls) using the RNAiso reagent (TaKaRa). The purified total RNA was reverse transcribed to synthesize the first-strand cDNA with the PrimeScript RT reagent kit with gDNA Eraser (TaKaRa). The subsequent qPCR analysis was completed using SYBR Premix Ex Taq (TaKaRa) and the MyiQ2 Real-time PCR Detection system (Bio-Rad) according to the manufacturer's instructions. The qPCR analysis was repeated three times for each sample. The rice actin gene was used as the control for all analyses. The qPCR primer sequences are listed in Table S4 .
Chromatin immunoprecipitation (ChIP)-sequencing and ChIP-qPCR
The ChIP was conducted as previously described (Gendrel et al., 2005) with ON11 transgenic seedlings expressing the OsNAC2-mGFP fusion protein. Proteins were extracted from 2-week-old ON11 transgenic seedlings and WT seedlings (negative control) grown in basal nutrient solution. The OsNAC2 protein was immunoprecipitated using an anti-GFP antibody. The ChIP DNA fragments were sequenced and analysed by qPCR. The ChIP experiments were repeated three times, with similar data generated each time. The qPCR primer sequences are listed in Table S4 . For the ChIP-sequencing experiment, libraries were generated using the Ovation Ultralow Library System 2 (Nugene) following the manufacturer's standard protocols. The total sample amounts should be more than 20 ng. Samples were sequenced using the paired-end 100 bp mode of the HiSeq 2000 system (Illumina). Peaks referred to the regions of high sequencing read density. Integrative genomics viewer (IGV) was used to output a list of 'peak calls' that integrate with the genomic locations (Robinson et al., 2011) .
Yeast one-hybrid
For the yeast-one-hybrid assays, the OsNAC2 coding sequence was inserted into the EcoRI-XhoI site of the pGADT7 vector to generate a construct with an activation domain and OsNAC2. Additionally, the promoter sequences of OsCOX11 (1,113 bp) and OsAP37 (1153 bp) were inserted into the EcoRI-MluI site of the pHIS2.1 vector to generate an in-frame fusion with minHIS3. All primers used to prepare these constructs are listed in Table S4 . These vectors as well as empty vector controls were inserted into yeast strain AH109 cells according to the PEG/LiAc method. The transformed yeast cells were plated on SD/ÀHis/ÀTrp/ÀLeu medium supplemented with 50 mM 3AT to screen for possible interactions according to the Matchmaker GAL4 One-Hybrid System protocol (Clontech).
Dual-luciferase assays
To prepare the LUC reporter construct for the dual-luciferase assays, the OsNAC2 coding sequence was cloned into the pGreenII 62-SK vector. The 1113-bp and 1153-bp promoter sequences of OsCOX11 and OsAP37, respectively, were amplified from the rice genome and inserted into the pGreenII0800-LUC vector at the KpnI-NcoI site. Primer sequences are listed in Table S4 .
Nicotiana tabacum leaves were used for the dual-luciferase assays as previously described (Hellens et al., 2005) . The constructed vectors and pSoup-p19 were inserted into Agrobacterium tumefaciens strain GV3101 cells for a subsequent infiltration of tobacco plants. After the infiltration, the tobacco plants were incubated at 23°C for 3 days. The firefly luciferase (LUC) and Renilla luciferase (REN) activities in the tobacco leaves were measured using the Dual-Luciferase Reporter Assay System (Promega). The LUC activity was normalized against the REN activity. Each candidate promoter sequence in pGreenII0800-LUC vector with absent OsNAC2 protein in pGreenII 62-SK vector was set as control. Each treatment was analysed with at least three biological replicates. Figure S2 . Quantitation of DAB staining intensity using the ImageJ2x program Table S1 . List of salt stress related genes which decreased in ON11 line (P < 0.05). Table S2 . ChIP-sequence analysis for OsNAC2-binding genes enriched in upstream 1.5 kb sequence of rice root. Table S3 . Putative cis-elements enriched in promoters of rice OsNAC2 gene. Table S4 . Primers used for the sequencing of different genes in rice.
